One of the main challenges in high-throughput serum profiling by matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry (MALDI-TOF MS) is the development of proteome fractionation approaches that allow the acquisition of reproducible profiles with a maximum number of spectral features and minimum interferences from biological matrices. This study evaluates a new class of solid-phase extraction (SPE) pipette tips embedded with different chromatographic media for fractionation of model protein digests and serum samples. The materials embedded include strong anion exchange (SAX), weak cation exchange (WCX), C18, C8, C4, immobilized metal affinity chromatography (IMAC) and zirconium dioxide particles. Simple and rapid serum proteome profiling protocols based on these SPE micro tips are described and tested using a variety of MALDI matrices. We show that different types of particle-embedded SPE micro tips provide complementary information in terms of the spectral features detected for b-casein digests and control human serum samples. The effect of different sample pretreatments, such as serum dilution and ultrafiltration using molecular weight cut-off membranes, and the reproducibility observed for replicate experiments, are also evaluated. The results demonstrate the usefulness of these simple SPE tips combined with offline MALDI-TOF MS for obtaining information-rich serum profiles, resulting in a robust, versatile and reproducible open-source platform for serum biomarker discovery. Copyright # 2008 John Wiley & Sons, Ltd.
Specific serum biomarker panels are urgently needed in many areas of medicine, particularly in cancer diagnostics. Great effort is thus being directed towards the identification of molecular disease markers with high selectivity and sensitivity, with mass spectrometry (MS) being one of the tools of choice. MS-based serum biomarker discovery workflows are based on two main approaches: uni-or bi-dimensional chromatography followed by single-stage or tandem MS, which provides high peak capacity; and matrix-assisted laser desorption ionization (MALDI) MS or MS/MS without prior chromatographic separation, which provides lower coverage in terms of the maximum number of spectral features that can be detected without spectral overlap, but orders of magnitude higher sample throughput. 1 Mass spectrometric serum proteome profiling by MALDI MS is widely used by medical researchers due to the frequent need for rapid analysis of large quantities of clinical samples. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In this high-throughput approach, careful bioinformatic comparison of the abundance of proteins and peptides inferred from MALDI mass spectra obtained under standardized conditions enables the multivariate comparison of sample groups, with the aim of identifying proteomic patterns or 'fingerprints' that can be used for diagnostic purposes. Despite its unquestionable throughput, MALDI MS serum proteomic profiling can be negatively affected by the high complexity of serum samples, the presence of interfering salts, and the large dynamic range of protein concentrations, all of which can result in ionization suppression 12 and/or space-charge effects in trapping instruments, 13 with the concomitant inability to detect or identify low abundance biomarkers. In this trend, one of the major challenges in serum proteome profiling is to develop optimal front end sample preparation procedures for removing salts, separating high abundance protein fractions, and selectively enriching for subsets of serum proteins and peptides (i.e. 'subproteomes'), which can be probed in deeper detail than the original sample. A number of techniques have been developed to fractionate serum samples prior to MS analysis, including depletion columns for removal of high abundance proteins, [14] [15] [16] [17] ultrafiltration with different molecular weight cut-off membranes, 18, 19 solid-phase extraction (SPE) columns, 20 coated magnetic beads, 21 and precipitation by organic solvents. 22 The biggest challenge for users of these techniques is to obtain high-enough day-to-day and batch-to-batch reproducibility to correctly evaluate biologically-significant differences within the bewildering number of mass spectral peaks detected. 10, 15, 20 One of the most popular tools for high-throughput serum profiling in the biomedical community is surface-enhanced laser desorption/ionization (SELDI) MS, a MALDI-based technique which integrates on-target sample preparation with time-of-flight (TOF) MS peptide/protein ion detection. 23 Unique to this method are functionalized MALDI targets with specific SPE or affinity-capture properties. 24 Interest in this technique was sparked by early work by Liotta and coworkers which exploited the potential of SELDI-TOF MS combined with sophisticated bioinformatics algorithms for ovarian cancer diagnostics. 25, 26 Other research groups also applied this SELDI approach, further demonstrating the utility of applying specific surface chemistries for serum proteome partitioning, one of the most promising being strong cation-exchange functionalized targets. 27 However, SELDI TOF mass spectrometers offer limited resolving power, mass accuracy and tandem MS capabilities, making biomarker identification difficult. In addition, there have been questions regarding the long-term stability of SELDI experiments. Difficulties in baseline correction, irreproducibility in sample preparation protocols, and unstable TOF mass calibration have been reported. 28 More recently, in-source collision-induced dissociation has been suggested to be the origin of much of the structure uncovered by SELDI. 29 As an alternative to SELDI, many groups have been investigating alternative functionalized MALDI targets that can be used across many MALDI-TOF MS platforms for on-chip sample fractionation. 30, 31 Another popular option is the combination of off-line serum fractionation protocols with MALDI MS, which have the advantage of decoupling sample preparation from mass analysis, thus allowing the optimization of those two steps separately. 20, 32 Both the on-chip and off-line methodologies share the advantage of not relying on proprietary MALDI instrumentation, and can thus be implemented in combination with a variety of high-end MALDI MS or MS n spectrometers.
In this work we evaluate the performance of off-line sample preparation for MALDI MS via particle-embedded SPE pipette micro tips. In these pipette tips, the inner plastic walls are covered with chromatographic particles with different functionalities, such as strong anion-exchange (SAX), weak cation-exchange (WCX), C18, C8, C4, ZrO 2 , and immobilized metal affinity chromatography (IMAC). We first present a detailed characterization of these SPE micro tips using tryptic digests of a standard protein, and then extend these studies to human serum for fractionation of low mass proteins and peptides. To the best of our knowledge, this is the first report comparing this wide variety of SPE micro tips for MALDI-TOF MS serum profiling.
EXPERIMENTAL Samples and reagents
Trifluoroacetic acid (TFA), ammonium hydroxide and formic acid were obtained from Fisher Scientific (Fair Lawn, NJ, USA), acetonitrile (ACN) was from EMD Chemicals (Gibbstown, NJ, USA), nickel(II) chloride and gallium(III) nitrate hydrate were from Alfa Aesar (Ward Hill, MA, USA), healthy human serum (Stock No. S7023-50ML), ammonium citrate, b-casein, trypsin (proteomics grade), ammonium bicarbonate, a-cyano-4-hydroxycinnamic acid (CHCA), 2,5-dihydroxybenzoic acid (DHB), sinapinic acid and indoleacetic acid (IAA) were from Sigma-Aldrich (St. Louis, MO, USA). Microcon ultrafiltration 3 kDa and 50 kDa cut-off membranes were purchased from Millipore (Bedford, MA, USA). NuTip particle-embedded pipette micro tips (1-10 mL) were obtained from Glygen Corp. (Columbia, MD, USA). All aqueous solutions were prepared with nanopure water (dH 2 O) from a Nanopure Diamond laboratory water system (Barnstead International, Dubuque, IA, USA).
In-solution tryptic digestion of b-casein
A (2.4 mg mL À1 ) solution of b-casein was prepared in 6 M urea containing 50 mM ammonium bicarbonate and separated into 20 mL aliquots which were first heated for 1 h at 658C. After cooling, 180 mL of 50 mM ammonium bicarbonate were added to each aliquot followed by addition of 48 mL of trypsin working solution (20 mg mL
À1
) and the mixtures were incubated in a water bath for 20 h at 388C. One aliquot was then basified by adding approximately 6 mL of 20 mM NH 4 Cl/NH 3 aqueous buffer (pH 8.5) and the remaining aliquot was acidified using 2% TFA solution to a final pH of approximately 2.0. Purification and concentration of the acidified and basified digest aliquots was achieved by using SPE micro tips containing different chromatographic media as described below.
In silico tryptic digestion was performed with ProteinProspector. 33 Variable modifications namely, methionine oxidation (Met-Ox), phosphorylation at serine, threonine, tyrosine residues (denoted as s,t, and y respectively), and carbamylations of lysine and arginine were selected. The total number of theoretically generated peptides was 225 as a result of combinations of the variable post-translational modifications. Each peptide thus generated was then characterized for its hydropathy using an online tool 34 based on the Hopps-Woods scale. 35 In this process, a line plot is generated for each peptide by averaging hydrophobicity values assigned to sequential amino acids in windows of five residues. If the obtained hydrophobicity line was predominantly above zero, the corresponding peptide was considered hydrophilic, and vice versa. Terms such as 'predominantly' or 'partially' hydrophilic/hydrophobic are used if a significant part of the line lies above or below zero, respectively.
Serum sample pretreatment prior to SPE
Immediately upon arrival from the vendor, the frozen serum sample was thawed, aliquoted into 1.5 mL Safe-Lock Eppendorf micro test tubes and frozen at -808C until further use. All measurements were performed on identical 500-mL aliquots of twice-thawed serum. Prior to SPE, the serum was denatured by adding 25 mL of 80% ACN to 200 mL of sample to disrupt intermolecular interactions. The mixture was then vortexed, and incubated for 30 min at ambient temperature (22-258C). Microcon membranes (50 kDa cut-off) were rinsed three times with 0.2 mL dH 2 O, and used to filter 240 mL of the denatured serum mixture at 13 000 g for 25 min. A 120-mL aliquot of the filtrate was acidified by addition of 30 mL of 2% TFA solution to a final pH of $2.0. Similarly, a second 120 mL serum filtrate was basified to pH $8.5 by addition of dilute NH 4 Cl/NH 3 aqueous buffer. The acidified and basified serum filtrate aliquots were treated with SPE micro tips as described below.
Procedure for SPE via hydrophobic (C18, C08, C4) NuTips C18, C8 and C4 NuTips were washed with 5 Â 4 mL (5 times, 4 mL each time) of 50% ACN, and equilibrated with 3 Â 4 mL of 0.1% TFA solution. Then, 30 Â 4 mL of b-casein protein digest or acidified serum filtrate were aspirated and expelled through the tip. The tip was then washed with 2 Â 4 mL of 0.1% TFA solution. Retained components were eluted with 2 mL of 50% ACN/0.1% TFA. The eluant was pipetted up and down ten times in a clean vial to ensure complete elution.
Procedure for SPE via ion-exchange NuTips
Silica strong anion-exchange (SAX)
SAX NuTips were conditioned with 5 Â 4 mL of 50% ACN, and equilibrated with 3 Â 4 mL of 20mM NH 4 Cl/NH 3 aqueous buffer (pH 8.5). Then, 30 Â 4 mL of b-casein protein digest or basified serum filtrate were aspirated and expelled through the tip. The tip was then washed with 2 Â 4 mL of dH 2 O. Retained components were eluted with 2 mL of 0.5% TFA/20% ACN, as described above for C18 tips.
Poly(aspartic acid)-silica (PolyCAT A) weak cation-exchange (WCX)
WCX NuTips were first washed with 5 Â 4 mL of 50% ACN, and equilibrated with 3 Â 4 mL of 0.1% TFA solution. Then, 30 Â 4 mL of acidified of b-casein protein digest or serum filtrate were sequentially aspirated and expelled through the tip. The tip was then washed with 2 Â 4 mL of dH 2 O, and elution of the retained peptides was performed with 2 mL of 2% aqueous ammonia solution containing 20% ACN.
Procedure for SPE via IMAC NuTips
IMAC-Ga(III) and IMAC-Ni(II) NuTips were metal loaded with 10 Â 4 mL of 200 mM Ga(NO 3 ) 3 and NiCl 2 aqueous solutions, respectively, followed by washing with 3 Â 4 mL of dH 2 O. Tip equilibration was performed with 3 Â 4 mL of 1% acetic acid/10% ACN and with 5 Â 4 mL of 0.1% acetic acid/10% ACN, respectively. Then, 30 Â 4 mL of the acidified protein digest or serum filtrate were aspirated and expelled through the micro tips. Washing was done with 2 Â 4 mL of dH 2 O, followed by elution with 2 mL of 2% aqueous ammonia solution containing 20% ACN by aspirating up and down (ten times) into a clean vial.
Procedure for SPE via ZrO 2 NuTips
ZrO 2 NuTips were first washed with 10 Â 4 mL of 0.33% formic acid. Then, 30 Â 4 mL of acidified serum filtrate or digest aliquot were aspirated/expelled, the tips were washed with 2 Â 4 mL of dH 2 O, and the retained species were eluted with 2 mL of 2% aqueous ammonia solution containing 20% ACN.
MALDI-MS
MALDI-TOF MS analyses were performed using a Voyager DE-STR (Applied Biosystems, Framingham, MA) MALDI-TOF mass spectrometer equipped with a nitrogen laser (337 nm, 3 ns pulse width). All experiments were carried out in positive ion mode. All mass spectra were acquired in linear mode with 25 kV acceleration voltage, 92.8% grid voltage and 300 ns extraction delay. In all cases 240 laser shots were averaged for each mass spectrum. The instrument was externally calibrated prior to running any samples using
All spectra were baseline corrected, and smoothed prior to exporting them as ASCII files. We performed preliminary experiments to determine a suitable MALDI matrix using four different commonly used compounds (Fig. 1S Fig. 1 , Supplementary Material). Various properties of matrix molecules such as their ability to induce analyte fragmentation, ionization potentials, and proton affinity are some of the determinants of suitability of a matrix. Empirical results showed that CHCA outperformed other tested matrices in terms of observed signal-to-noise (S/N) ratio and so CHCA was chosen as the matrix for all subsequent MALDI experiments. However, more investigation may be needed to provide guidelines for selection of matrix or provide a rationale to the experimentally observed performances of these matrixes. The eluate obtained from different NuTips was mixed in a 1:1 v/v ratio with 10 mg mL À1 CHCA solution in 50% ACN/0.1% TFA. A volume of 1 mL of this mixture was spotted on a stainless steel MALDI plate. The CHCA matrix solution (10 mg mL
À1
) used to co-crystallize with IMAC and ZrO 2 eluates was prepared in 50% ACN/0.4% acetic acid/10 mM ammonium citrate.
RESULTS AND DISCUSSION
Selectivity study of different SPE micro tips using a model peptide mixture A comparison of b-casein tryptic digest fractionation using particle-embedded micro tips coated with eight different materials ( hydrophobic, mostly found in the m/z <1000 range and the remainder, more hydrophilic, are predominantly present in the higher m/z range. The binding of hydrophilic peptides to hydrophobic SPE micro tips is thus explained by their higher relative abundance in the initial tryptic mixture. S/N ratios for the detected hydrophilic peptides were lower than for the hydrophobic peptides in both the higher and lower mass ranges as a result of the hydrophobic nature of SPE micro columns. Overall, inspection of the mass spectra of hydrophobic SPE eluates showed that the performance of C18 micro tips was superior in the lower m/z range, both in terms of sensitivity, reflected in the higher S/N ratios and number of peaks observed. In the higher m/z range, the MALDI mass spectrum of the C4 eluate showed more spectral features and higher intensity peaks when compared to the MALDI spectra of C8 and C18 eluates. The observed mass spectral patterns reflect the effect of the different chain lengths in each of the three materials. The shorter chain length in C4 makes it less hydrophobic and larger peptides are thus more likely to expose sufficiently-large hydrophobic regions to efficiently interact with this material. The MALDI mass spectra shown in Figs. 1(D) and 1(E) correspond to WCX and SAX eluates. Peaks corresponding to acidic or basic peptide are denoted by filled and empty circles, respectively. Theoretically, WCX materials should first retain mostly basic peptides with a net positive charge at the lower pH used for binding, and SAX material should bind acidic peptides with a net negative charge at the basic pH used. Clear differences are observed between these materials in both m/z ranges providing complementary information from the same protein digest. A detailed list of acidic and basic peptides identified in the WCX and SAX eluate mass spectra is presented in Table 2 . In the low m/z range, the WCX eluate showed many peaks corresponding to eight peptides and their various modifications. One acidic peptide at m/z 742.4 (pI 6) and several basic peptides with their pI values in the 9-10.5 range were observed. The spectrum from the SAX eluate in this m/z range showed a signal corresponding to one acidic peptide, at m/z 742, and weak signals corresponding to carbamylated peptides at m/z 1099, 1267, 1634, 1678, 1683, 1726 and 1760. It has been suggested that carbamylation lowers peptide isoelectric points, providing a possible explanation for the partial retention of these peptides by the SAX micro tip. 36 The acidic peptide at m/z 742 (pI 6) was seen in the mass spectra of both WCX and SAX eluates, as the net charge on this peptide shifts upon changes in the pH of the binding buffers used in either extraction and hence it will bear a net positive change in the acidic binding buffer (pH 2) used for WCX and a net negative charge in the basic binding buffer (pH 8.5) used for SAX SPE. The peak intensity and S/ N ratio corresponding to this peptide were higher in the SAX eluate mass spectrum in accordance to its predominantly acidic character, whereas the carbamylated peptides at m/z 1099, 1267, 1678, 1683 and 1670, retained by the SAX and WCX micro tips, showed higher intensity peaks in the latter due to their more basic nature (pI > 7). In the higher m/z range, the WCX eluate produced signals corresponding to peptides with an average pI value of 3.9 (m/z 2141, 2186, 2202 and 2229), higher than the pH to which the binding solution was adjusted (pH 2.0), making these peptides positively charged. The SAX spectrum ( Fig. 1(E) , right panel) showed intense peaks corresponding to mostly carbamylated peptides such as at m/z 2056 (1 Met-Ox, 4 carbamylations), 2013 (3 carbamylations), 2438 (2 carbamylations, pI 3.7) and 3168 (4 carbamylations). A comparison of WCX and SAX eluates in the higher mass range showed that peaks corresponding to acidic peptides (pI < 7) were more and 3168 (4 carbamylations) were also detected. Retention of phosphopeptides by the SAX column is expected due to electrostatic interactions with the negatively charged phosphate groups. Only four phosphopeptides at m/z 2141, 2747, 3124 and 3168 were also retained by WCX micro tips with comparable peak intensities, as these peptides are expected to be positively charged at the acidic binding pH.
A comparative analysis of the MALDI mass spectra of eluates purified by hydrophobic and ion-exchange SPE micro tips further illustrates the binding specificity of these materials. Hydrophilic peptides of basic nature, such as INKKIEK (m/z 872) and its carbamylated form at m/z 958, HKEMPFPK (m/z 1099, 2 carbamylations and m/z 1082 with loss of ammonia) and VKEAMAPKHKEMPFPK (m/z 2056, 1 Met-Ox, 4 carbamylations) were observed in the WCX eluate mass spectra, but not in eluates from hydrophobic micro tips. Hydrophobic peptides retained by the C18, C8 and C4 SPE micro columns showed intense peaks at m/z 780, 830, 1634, 2186 and 2229, but their peak intensities were significantly lower in the WCX eluate mass spectrum with lower S/N ratios. Hydrophilic, acidic peptides (pI < 7) were seen in the mass spectrum of the SAX eluate at m/z 2062 (pI 3.4), 2438 (pI 3.7), 2395 (pI 3.7) and 2518 (pI 3.7) and were absent in the mass spectra of eluates from hydrophobic materials.
In addition to SPE and ion exchange, affinity enrichment of phosphopeptides is becoming an increasingly important tool in proteomic science and biomarker discovery, as protein phosphorylation plays a crucial role in a number of biological processes. 37, 38 Metals such as Ga(III), Ni(II), and Zr(IV) form complexes by coordination of the phosphate group with the zirconium electrophilic metal center. Porous ZrO 2 surfaces also contain hydroxyl groups, and Lewis acid and base sites located on the Zr cation, and coordinatively unsaturated oxygen, respectively. 39, 40 Zirconia has recently drawn significant attention as a promising separation material Table 2 . List of peptides retained by WCX, SAX, IMAC-Ga, IMAC-Ni and ZrO 2 micro tips and corresponding S/N ratios. Peptides detected as their water or salt adducts are marked by an asterisk. All other peptides were detected as protonated molecules. The following modifications were considered: oxidation of methionine (Met-Ox), carbamylation of lysine and arginine (Carm), and phosphorylation of serine, threonine and tyrosine (s,y,t) Recent studies have also demonstrated that the protein/ peptide fraction retained on ZrO 2 particles is a function of the pH to which the sample is preconditioned prior to SPE. 39, 42 As mentioned earlier, SAX micro tips showed non-specific retention of phosphopeptides. Therefore, the mass spectral features of SAX, IMAC materials and ZrO 2 eluates were compared to investigate their phosphopeptide-binding characteristics. In the low mass range spectrum of the SAX eluate, no peaks corresponding to phosphopeptides were observed. In the higher mass range, SAX showed retention of a few phosphopeptides at m/z 2747, 3068, 3087, 3124 and 3167 that were also retained by the ZrO 2 and IMAC materials, but their peak intensities were significantly lower in the of SAX eluate mass spectrum (Table 2) . WCX micro tips were observed to retain four different phosphopeptides, although their peak intensities were much smaller if compared to their corresponding peaks in the SAX, ZrO 2 and IMAC-Ni eluates. Acidic, carbamylated, non-phosphorylated peptides at m/z 1098, 1683 and 2439 (pI 3.5-4.0) were found in the SAX eluate mass spectrum but were absent in the spectra of IMAC and ZrO 2 eluates. When extracted using IMAC and ZrO 2 micro tips, these peptides exhibit net positive charges (pH of binding buffer < pI of peptide) and hence show no significant affinity for the electrophilic metal centers.
In summary, binding specificities and efficiencies of these new particle-embedded micro tips were highly dependent on their surface functionalities, isoelectric points and hydropathy of sample peptides and pH of binding buffer solution. Binding conditions, post-translational modifications and competitive and non-specific effects should all be taken into account when assessing the specificity for a given subset of species in a mixture. Following the characterization of these SPE micro tips with a model protein digest system, these were further evaluated for their applicability to human serum profiling.
Serum sample conditioning by denaturing ultrafiltration
Due to the biological complexity of human serum, ultrafiltration using molecular weight cut-off membranes facilitates the generation of mass spectrometric proteome profiles by removing high-abundance proteins. 18, 19 Figure 3 shows the MALDI mass spectra of human serum purified by C18 NuTips after different pre-treatments. Solid-phase extraction of the filtrate from a 50 kDa cut-off membrane by C18 micro tips yielded mass spectra with abundant features in the m/z 1000-4000 ( Fig. 3(A) ) and m/z 4000-10000 ( Fig. 3(C) ) ranges. No useful mass spectral data was obtained when the serum sample was directly analyzed by MALDI MS without ultrafiltration ( Fig. 3(B) , high m/z range not shown). To further explore if mass spectral information shown in Fig. 3 (C) could be further improved, the 50 kDa filtrate was subsequently treated using a 3 kDa cut-off membrane (13 000 g, 25 min) and the retentate was reconstituted by addition of 100 mL of 0.1% TFA solution. The analysis of the resulting sample showed improved sensitivity for molecular weight species in the 4000-10000 m/z range ( Fig. 3(D) ), but no new mass spectral features were observed (data not shown).
As expected, no signals below 4 kDa were detected. Based on these results, we concluded that a single, 50 kDa membrane ultrafiltration step was sufficient for processing samples prior to SPE, giving the best coverage in terms of number of features detected, and with the highest sample throughput.
Effect of serum dilution
In order to improve the filtration speed of serum samples through molecular weight cut-off filters, several dilutions were tested to optimize the experimental conditions. As shown in Fig. 4(A) , a high serum concentration enhanced protein and peptide binding to the surface of C18 micro tips, resulting in optimum mass spectrometric profiles. As the serum was progressively diluted, the peak at m/z 1162.9 was observed to increase in intensity both in relative and absolute terms, while the other mass spectral features observed in Fig. 4 (A) decreased, and eventually disappeared when the serum to 0.5% TFA ratio reached 1:5 ( Fig. 4(C) ). One possible explanation for these observations is that, as dilution increases, there is less competition for binding sites among the species present in serum, and only species with higher initial abundance are observed in the mass spectrum. The binding and ionization of these species is progressively enhanced with increasing dilution, due to the increased availability of surface binding sites, and the decrease in the number of eluted species, which reduces ionization suppression. At a certain point (Figs. 4(D) and 4(E)) the dilution effect overcomes the enhanced binding and ionization, with a concomitant decline in signal intensity. From these experiments, a ratio of 1:0.5 (v/v) of serum to 0.5% TFA aqueous solution was selected as the optimum ratio for further SPE of serum samples. This dilution was kept constant for all types of micro tips in order to compare the differences in mass spectral profiles on an equal basis.
Serum proteome fractionation by different materials
The MALDI MS profiles of serum samples treated with SAX, WCX, C18, C8, C4, and IMAC-Ni, IMAC-Ga, and ZrO 2 micro tips are displayed in Figs. 5 and 6, respectively. Mass spectra obtained from serum extracted by C8 and C18 tips were very similar, as shown in Figs. 5(B) and 5(C) but the one extracted Figure 3 . MALDI mass spectrometric profiles obtained by SPE with C18 micro tips of control human serum pre-processed by ultrafiltration using a 50 kDa membrane (A, C), without ultrafiltration (B), and with subsequent removal of low molecular weight peptides from the 50 kDa filtrate by a 3 kDa membrane (D).
with C4 generated a very different spectrum ( Fig. 5(A) ), with peaks in a wider mass range, up to m/z 66 000. These results are in accordance with the results obtained for the pure protein digest, which showed a correlation between the length of the alkyl chain of the hydrophobic media used and the m/z range of proteins and peptides bound to it. WCX and SAX materials have oppositely charged surfaces, thus human serum SPE using these tips should lead to the generation of different MALDI mass spectra. Visual inspection of the corresponding spectra, shown in Figs. 5(D) and 5(E), revealed some apparent similarities, but closer examination and comparison of the m/z values of these profiles showed that both spectra had only very few peaks in common. Peak-by-peak comparison of all the mass spectral profiles showed varying degrees of overlap in the species extracted and detected from the same serum sample and a simplified representation of these common and unique species was compiled in a Venn diagram (Fig. S2, Supplementary  Material) . Serum fractionation using C18 micro tip produced 106 peaks, while 113 peaks were detected using C8 micro tip (Fig. S2A, Supplementary Material) . A total of 86 of these peaks overlapped between C18 and C8, but only 14 peaks overlapped when C18 and C4 were compared (Fig. S2B , Supplementary Material). Extraction with SAX and WCX micro tips produced a profile with 128 and 112 peaks, respectively, for the same serum sample (Fig. S2C , Supplementary Material), with only 18 peaks in common within the m/z accuracy afforded by the linear MALDI instrument used in this study. This observation further verified that the two oppositely charged materials offer highly complementary chemistries for serum profiling. Extractions with IMAC-Ga, IMAC-Ni and ZrO 2 produced 86, 89 and 150 peaks, respectively. There were 32 overlapping peaks between the spectra obtained for C18 SPE and SAX (Fig. S2D , Supplementary Material), and 26 overlapping peaks between the spectra obtained for SAX and ZrO 2 materials (Fig. S2E , Supplementary Material), while 32 peaks overlapped between IMAC-Ga and IMAC-Ni (Fig. S2F, Supplementary  Material) . Comparison of the spectral features extracted by ZrO 2 and IMAC materials showed that there were only 18 peaks in common between ZrO 2 and IMAC-Ga (Fig. S2G , Supplementary Material), and 25 overlapping peaks between ZrO 2 and IMAC-Ni (Fig. S2H, Supplementary Material) .
These results indicate that different embedded particles with unique surface characteristics produce different MALDI mass spectra for an identical serum sample; hence, these micro tips could be used to obtain complementary proteomic information with high sample throughput. It is important to note that the overlaps of spectral features of serum fractions extracted from different SPE microtips is the consequence of intrinsic properties like hydropathy, isoelectric point of the respective unknown proteins/ peptides of the serum sample.
Inter-run reproducibility of SPE micro tips
A study of the spectral reproducibility obtainable by these micro tips is of utmost importance in profiling studies where identifying potential biomarkers from a complex sample system is the main objective. These biomarkers are identified by performing significance tests between the intensity profiles of the control and test samples. The significance of these tests is strongly affected by the variability arising from the fractionation process. An intra-run reproducibility study was thus performed using C18 and WCX micro tips in order to assess the maximum degree of variability that would be observed amongst serum profiles obtained from a single serum sample within a given experiment. This variability sets the floor of minimum biological differences that can be detected between sample groups. Eight replicate MALDI mass spectra were obtained from the same serum sample, fractionated using eight different C18 and WCX micro tips in a single laboratory session (Figs. S3 and S4 , Supplementary Material). Two 2-mL eluates were obtained from each SPE micro tip and spotted separately with equal volumes of CHCA matrix. Thus there were a total of 16 spots each for the eight C18 and eight WCX micro tips used. For all C18 and WCX fractions, mass spectra acquired in the higher (m/z 5000-8000) mass ranges were appended to those acquired in the lower (m/z 1000-5000) mass range, and normalized with respect to the base peak. The asterisks denote the peaks used for coefficient of variance (CV) calculations of both m/z and peak intensity. These peaks were selected randomly over a wide mass range, disregarding peak intensities and S/N ratios. An average CV (Tables S1 and S2 , Supplementary Material). The average CV of the mean intensity values was 14.9% for C18 micro tips, and 15.6% for WCX micro tips. The average %CV corresponding to spot to spot variations for both types of SPE micro tips was 3-8%. This lower intra spot %CV indicates good spot uniformity, and reproducibility of the extractions for a single tip. In all cases, sample handling operations were carried out manually, and thus, it is expected that the use of a robotic station could improve these figures. Compared to the average CV of the signal intensities, the CVs at both ends of the mass spectrum were larger, possibly originating from the lower signal-to-noise ratio in these regions (Figs. S3 and S4, Supplementary  Material) . Overall, the ranges in the mean intensity CV were comparable or better than those observed in previous studies, 18, 20 indicating that the design of the particleembedded micro tips affords sample preparation with reproducible solution flow paths, and low pressure buildup within the tip, ensuring sufficient reproducibility for MALDI MS-based profiling studies.
CONCLUSIONS
We have evaluated and characterized particle-embedded solid-phase extraction (SPE) micro tips for their efficiency in purification, concentration, desalting and selective isolation of subgroups of peptides and small proteins from human serum. The mass spectrometric analysis of a simple protein digest with these SPE micro tips demonstrated that different embedded materials generated complementary information from identical model samples. Simple handling and minimum backpressure during sample loading and elution allowed serum profiling with good reproducibility by MALDI-TOF MS. In summary, the methods presented here provide a convenient, robust and rapid approach for peptide/protein profiling, which we expect to facilitate future biomarker discovery studies from serum proteomes. 
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